A detailed consideration of the design and fabrication of these devices is performed. Finally, an interesting mode switching effect is presented.
I. INTRODUCTION
T UNABLE lasers are useful for spectroscopy, beam steering, wavelength division multiplexing [1] , interferometers, and a wide variety of other applications. In many cases, a wide and continuous tuning range is required. Traditionally, this has been achieved using a diffraction grating and bulk optics to form an external cavity. However, an integrated continuously tunable laser is far more desirable and potentially cost effective. This paper discusses micromechanical tunable vertical-cavity surface-emitting lasers (VCSEL) [2] - [5] , which are the first integrated lasers to demonstrate both wide and continuous tuning.
Previous integrated tunable lasers have relied primarily on refractive index changes due to temperature or carrier injection. These methods have been limited to refractive index changes of 1%. For simple structures [6] , this limited the tuning range within 1% of the center wavelength. Several ingenious structures [7] - [9] have been developed to leverage this small refractive index change into tuning up to 10%. However, such structures must discontinuously hop between closely spaced Fabry-Perot modes to tune. Complete wavelength coverage can be achieved by adding additional tuning contacts, but biasing can be complex and vary with temperature or operating point. This paper discusses a novel structure which uses micromechanical movement to change the thickness of an air gap in a vertical-cavity (VC) [10] - [15] . In a VC, the Fabry-Perot modes are widely spaced. Continuous tuning can be achieved by directly tuning the Fabry-Perot modes. This has been done using temperature and carrier injection, but tuning is again limited to a 1% change in wavelength. In fact, very little tuning has been achievable with carrier injection [16] because of the difficulty in injecting carriers into a significant fraction of the VCSEL structure without causing heating. Temperature tuning has been able to achieve 1% tuning [17] - [19] , but with drastic changes in the performance of the device. Micromechanical movement enables more that 1% continuous tuning with a single tunign contact and with no deleterious effects on the gain medium.
This paper discusses the performance, structure, and design of micromechanical tunable oxide-confined VCSEL. These VCSEL's exhibit tuning ranges as high as 19.1 nm, threshold currents as low as 460 A, and powers as high as 0.9 mW under room-temperature CW operation. This is the widest tuning range and highest output power ever achieved with a micromechanical tunable VCSEL. This also represents the widest continuous tuning range for any monolithic semiconductor laser. Also in this paper, we discuss the uses of the tunable VCSEL as a broad bandwidth or optical FM source. The lifetime and a novel mode switching effect are also briefly discussed.
This paper is organized as follows. Section II discusses the design and principles of operation for the device. The fabrication is presented in Section III, followed by the device performance in Section IV. The device's ability to act as a broadband source is shown in Section V. Section VI demonstrates an interesting mode switching effect. The lifetime of the devices is discussed Section VII. Finally, Section VIII concludes the paper.
II. DESIGN AND PRINCIPLE OF OPERATION Fig. 1 shows a schematic of the device. The n-p-n structure is tuned by applying a reverse bias voltage between the top and middle contacts. Electrostatic attraction deflects the top mirror toward the substrate, causing the Fabry-Perot mode to shift to shorter wavelengths. The active region is pumped by forward biasing the p-n-junction between the middle contact and the substrate. An oxidized AlAs layer is used for efficient current confinement. This oxidation process has recently demonstrated [20] - [21] low threshold currents, high-output powers, and high efficiency. Here, we show this process provides a easy method for making intracavity contacts.
The layers are grown on an n substrate using molecular beam epitaxy (MBE). First, the n-doped bottom mirror is grown consisting of 19 1/2 graded AlAs-GaAs mirror pairs, followed by 4 graded Al Ga As-GaAs mirror pairs. Then the active region is grown consisting of a -cavity of Al Ga As with three 80-Å In Ga As quantum wells (QW's) separated by 100-Å barriers. Next the p-layers are grown starting with the graded AlAs oxidation layer, followed by four graded Al Ga As-GaAs mirror pairs. The final p-doped layer is a Al Ga As stop etch layer which is doped p for contacting. Next the i-doped GaAs sacrificial layer is grown. This layer is designed to be 1.41-m thick, approximately in air and in GaAs. Next, the top n-DBR layers are grown which consist of 22 1/2 Al Ga As-Al Ga As mirror pairs. This is followed by a GaAs sacrificial layer. This last sacrificial layer is included so that it can be selectively etched away, leaving a smooth interface for the top gold.
Tuning and reflectivity calculations were performed. The device can be thought of as two coupled cavities: the QW active region cavity and the air gap cavity. By tuning the airgap cavity, the wavelength of the QW active region mode can be tuned. The maximum tuning is determined by the mode splitting when both cavities are at the same wavelength. The mode splitting of the device in this paper is 24 nm and the device is designed to tune 20 nm before mode hopping. The bottom mirror reflectivity is 0.9980 0.0002 over the entire tuning range of the device. The top mirror reflectivity for various air gap thicknesses is shown in Fig. 2 . The dips are due to the weak Fabry-Perot cavity formed by the air gap. The phase shift from this cavity causes tuning and shifts the lasing wavelength away from the dips in the top mirror reflectivity. The mirror loss as a function of tuning is shown in Fig. 3 . The round-trip loss is fairly constant at around 0.27% over the middle of the tuning range but increases to 0.4% at the edges. This plus the increased optical power in the air gap and misalignment of the optical field standing wave pattern with the quantum wells is significant enough to effect device performance at the tuning range edges.
III. FABRICATION
The fabrication is summarized in Fig. 4 . The VCSEL structure is etched into a dumbbell shape with a large and a small circle (see middle contact of Fig. 1 ) that exposes the AlAs oxidation layer. The small circles, which eventually contain the base of the cantilever, are 50 m in diameter while the large oxidation circles are 200-m diameter, requiring 100 m of lateral oxidation. Pure AlAs was used to keep the oxidation times reasonable. This layer is oxidized at 425 C for 25 min leaving a small ( 10 m) unoxidized aperture at the center of the mesa. By performing the oxidation first the cantilever is not exposed during the oxidation process. There is no danger of a thin oxide building up on the cantilever and potentially causing strain and bending. An anisotropic dry etch is then used again to form the cantilevers using a SiN mask. The dimensions for the cantilever are 200 m long, 1.5 m wide, and 3.3 m thick. Placing the tuning head in the center of our large mesa ensures that the oxidized aperture is underneath the tuning head. Although our mesas were not exactly circularly symmetric due to the base of the cantilever, there was no significant shift in the oxide aperture from the mesa centers. Next, an isotropic selective dry etch [22] is used to free the cantilever from the substrate. Finally, 1500Å of gold is blanket evaporated to form the contacts. The three contacts are automatically isolated by the undercut of the GaAs sacrificial layer and the oxidation layer (the oxidation layer was undercut by a BOE dip just prior to the oxidation step).
IV. PERFORMANCE Fig. 5 shows the tuning spectra for a device with an oxidized aperture of 10 m. The device continuously tunes over 19.1 nm as the tuning voltage is changed from 0 to 14.4 V. At the maximum bias of 14.4 V the wavelength of the emitted light has completely wrapped around to the original wavelength at 0 V. A single step wavelength discontinuity is seen at 955 nm due to the growth error, resulting in a 0-V Fabry-Perot wavelength near the center of the free-spectra range. This could be corrected in future by growing the 0-V Fabry-Perot resonance at the long wavelength end of the tuning range. The device lases in the lowest order transverse mode and the side mode suppression ratio is more than 12.5 dB over the entire tuning range. The tuning current is less than 0.5 A at all times.
The light versus current ( -) curves for the device are shown in Fig. 6 . The kinks in the -curve are attributed to the weak external cavity formed by the substrate and could be avoided in the future with a top emitting device. The threshold current versus wavelength is plotted in the inset of Fig. 6 . The threshold current is less than 5.4 mA over 18 nm of the tuning range and less than 8.5 mA over the entire tuning range. The dark -curves of Fig. 6 were taken when no tuning bias was applied and when the wavelength had wrapped around to the starting wavelength after going through the full-tuning range. Some change in the performance of the device due to the tilt of the end mirror is observed for this particular aperture size (10 m).
The spectra for a 5-m aperture device are shown in Fig. 7(a) . The device lases in a single-transverse mode and the side mode suppression ratio for this device is greater than 20 dB over the entire tuning range. The large transverse mode spacing of 1.3 nm indicates significant waveguiding by the oxide. The -curves for the device are shown in Fig. 7(b) . The threshold current is 460 A and the peak output power is 0.9 mW. Both the threshold and the output power were the best for a micromechanical tunable VCSEL. The threshold voltage of the device was 2.6 V. The optical power densities on the GaAs/air interface ( 0.4 MW/cm for a 1 mW, 5 m by 5 m device) are well below the catastrophic optical damage (COD) threshold ( 6 MW/cm ). Thermal effects limit the output power, not damage to the interface. The -curves shown in black are for the unbiased case and the case where the wavelength has wrapped around back to the starting wavelength. Unlike the larger aperture device, almost no change is observed, indicating that for properly designed structures end mirror tilt does not degrade performance. The modulation response of the cantilevers is shown in Fig. 8 . The cantilever is a typical double pole system. The resonance of the cantilevers discussed in this section is 76 kHz with a of 7.5. Damping is primarily due to air drag on the cantilever. By increasing the pressure, the system could be critically damped in which case it would have a tuning time of 7 s. Fig. 8 also shows shorter 100-m-long cantilevers with resonance frequencies of 300 kHz used in the following section.
V. USE AS A BROAD-BAND OR FM SOURCE
Although most applications require sources with a single, narrow linewidth that are continuously tunable by an external source, broad bandwidth sources are interesting for sensor applications and for elimination of optical feedback effects. Two applications already use broad bandwidth sources: fiber gyroscopes [23] and optical low coherence reflectometers [24] . These systems currently use LED's [25] as their sources. However, LED's are inefficient both at generating light and coupling the light into a fiber. A source with a broad bandwidth, but the efficiency and spatial coherence of a laser is needed. Superluminescent diodes [26] and superluminescent fiber amplifiers have also been proposed as broad bandwidth sources but these devices are still inefficient at low powers and produce rippled spectra that are unsuitable for these applications. Superluminescent fiber amplifiers also require a pump laser.
Tunable lasers can be used as a broad bandwidth source by continuously sweeping the lasing wavelength. Provided the integration time for a measurement is much longer than the sweep time of the laser, a swept source can be used in all broad bandwidth applications. Tunable lasers have indeed already been used as broad bandwidth sources [27] . However, their application has been limited since they are typically bulky, slow tuning, or not continuously tunable. Micromechanical tunable VCSEL's, on the other hand, can quickly ( s) and continuously tune much faster than the millisecond integration times of most applications. These same properties also make it suitable for optical FM modulation of a laser source.
The tunable VCSEL can be made into a broadband source by directly modulating the tuning voltage on the device. The spectra for a 100-m cantilever device driven at resonance is shown in Fig. 9 . The resonance frequency for such a device is 300 kHz. This means the time to sweep across the entire tuning range is only 1.6 s. The figure shows the spectra as the ac voltage is increased. This device is initially single mode with a side-mode suppression ratio (SMSR) 30 dB when biased at 4.5 mA emitting 0.15 mW. As the voltage is increased a square spectrum with "horns" at the end is produced. The horns are caused by the sinusoidal motion of the tuning head. The device spends more time at the ends of the tuning range where it is reversing directions then in the middle where it is rapidly moving. As the ac voltage amplitude is increased the spectrums get wider until eventually the horns disappear and the bandwidth no longer increases. This is because the device only lases over a finite wavelength range. Thus, beyond a minimum oscillation level the spectra is insensitive to the driving signal. The total achievable bandwidth with this device is 12 nm.
The broadened spectrum for a 10-m device is shown in Fig. 10 . These devices are multimode as shown by the spectrum without an applied tuning voltage, but a much wider chirped spectrum can be obtained, in this case 24 nm. These curves were taken at 8-mA bias. The -curves for this device are shown in Fig. 11 . Note that the ripples due to the backside reflection disappear when the device is chirped. This immunity to optical feedback is typical of broad bandwidth sources. Note that despite the broad spectrum, more than a 0.25-mW output power is achieved. Fig. 8 shows the modulation response of the device. For these measurements, we used devices with stiffer, 100-mlong cantilevers. These devices have faster response times, but also require dc voltages of 100 V to tune. However, if they are driven at resonance it is possible to sweep them over their entire tuning range using a square wave with a low and a high value of 0 and 16 V, respectively.
VI. TRANSVERSE-MODE SWITCHING IN MULTIMODE DEVICES
An interesting transverse-mode switching phenomena was observed for 10-m multimode devices biased several times above threshold. The dominant lasing mode changed with tuning voltage. An example is shown in Fig. 12 that shows the near field and spectra for a 10-m device biased several times above threshold at various tuning voltages. The near field and spectra show the dominant mode of the device is switching between the fundamental mode and the next higher mode.
The switching is due to the substrate forming an external cavity causing a ripple in the reflectivity with wavelength [28] . The period of the switching (0.28 nm) matches that of the calculated Fabry-Perot resonances of the substrate (0.285 nm). This occurs even though the mode spacing (1.3 nm) is several times larger than the Fabry-Perot mode spacing of the substrate (0.28 nm). For the device in Fig. 12 it happens that the fundamental mode is at a reflectivity maximum when the second-order mode is at a reflectivity minimum, and vice versa. Switching between the fundamental mode and the fourlobed TEM mode or between two mixtures of modes have also been observed.
VII. PRELIMINARY LIFE TEST
Lifetime is an important parameter with optical devices. Long lifetime is expected for the micromechanical devices of this paper since the cantilevers are made of high quality single crystalline material strained 1000 times less then the yield strain of the material. Preliminary lifetime experiments were performed. A 100-m cantilever device was biased above threshold and swept at its resonant frequency of 300 kHz over its entire tuning range overnight while lasing. Every five minutes, the resonant signal was removed and the wavelength at 0 V was measured. The results are shown in Fig. 13 . As can be seen, no wavelength shift occurs, even after billions of cycles. So no mechanical deformation of the cantilever takes place. Further testing is required before long lifetime can be conclusively established.
VIII. CONCLUSION
We report micromechanical tunable VCSEL's with the ability to continuously tune over a wide range have performance comparable to typical, simple VCSEL's. Submilliampere threshold, 0.9 mW power, and 19.1-nm tuning have been achieved. Rapid tuning is possible and devices with mechanical resonances at 76 and 300 kHz were shown. The operation and uses of the device as a broad spectrum or FM source were also discussed. An interesting mode switching effect was observed and shown to be due to substrate reflections. The lifetime is expected to be long and a preliminary test does not contradict this expectation. The unique, wide, continuous tuning and low cost of micromechanical tunable VCSEL's enable a host of exciting new applications to become both possible and practical in a broad range of fields.
